We have studied the possible mechanisms under lying the decrease of excitatory transmission induced by glu cose deprivation by using electrophysiological recordings in corticostriatal slices. Extracellular field potentials were re corded in the striatum after cortical stimulation; these potentials were progressively reduced by glucose deprivation. The reduc tion started 5 minutes after the onset of aglycemia. The field potential was fully suppressed after 40 minutes of glucose de privation. After the washout of the aglycemic solution only a partial recovery was observed. Aglycemia also induced a de layed inward current during single-microelectrode voltage clamp recordin�s from spiny neurons. This inward current was coupled with an increased membrane conductance. The A I adenosine receptor antagonists, 8-cyclopentyl-I,3-dimethyl xanthine (CPT, 1 fLmollL) and 1,3-dipropyl-8-cyclopentylxan thine (CPX, 300 nmollL), significantly reduced the aglycemia induced decrease of field potential amplitude. Moreover, in the
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in this depressant effect induced by glucose deprivation. First, it is possible that endogenous adenosine, which is released during aglycemia (Butcher et aI., 1987) , causes a presynaptic inhibitory action on nerve terminals releas ing excitatory amino acids (Zhu and Krnjevic, 1993; Khazipov et aI., 1995) . Accordingly, the activation of adenosine Al receptors has been reported to cause pre synaptic inhibition of glutamatergic excitation in differ ent brain areas (Greene and Haas, 1991; Thompson et aI., 1992; Ulrich and Huguenard, 1995) including ventral (U chimura and North, 1991) and dorsal striatum (Malenka and Kocsis, 1990) . Alternatively, it has been postulated that the aglycemia-induced depression of syn aptic transmission is caused by activation of presynaptic ATP-sensitive potassium channels (Ashcroft, 1988; Freedmann and Lin, 1996) . A third major cause for this depression might be the postsynaptic effects produced by energy deprivation. In fact, aglycemia causes various membrane potential changes (hyperpolarization and/or depolarization) in different neuronal SUbtypes (Spuler et aI., 1988; Shoji, 1992; Knoepfel et aI., 1990; Martin et aI., 1994) . Because these changes are usually coupled with an increased postsynaptic membrane conductance, it is possible that this increase reduces the amplitude of the excitatory postsynaptic potentials. We have studied the possible involvement of these mechanisms in the aglycemia-induced depression of the excitatory transmis sion in the striatum by using electrophysiological record ings from a brain slice preparation. The striatum, in fact, is considered a brain area that is highly vulnerable to hypoglycemia (Kalimo et aI., 1985) and the corticostria tal projectiQn is considered one of the most important glutamatergic pathways in the brain (Reubi and Cuenod, 1979) . In fact, the stimulation of corticostriatal fibers produces excitatory synaptic potentials that are mediated by the release of endogenous excitatory amino acids act ing on glutamate receptors localized on spiny striatal neurons (Cherubini et aI., 1989; Calabresi et a!., 1996) . Because the striatum is involved in both motor and non motor functions (Calabresi et a!., 1997) , it is possible that the aglycemia-induced depression of glutamatergic transmission is responsible for part of the behavioral changes induced by this condition.
METHODS
Wistar rats (150 to 250 g) were used. The preparation and maintenance of slices have been described previously (Cala bresi et a!., I 995a,b ). Briefly, corticostriatal coronal slices (200 to 300 m) were prepared from tissue blocks of the brain with the use of a vibratome. A single slice was transferred to a recording chamber and submerged in a continuously flowing Krebs solution (35°C, 2 to 3 mUmin) gassed with 95% O2 and 5% CO2, To study glucose metabolism in striatal neurons, slices were deprived of glucose by removing glucose totally from the perfusate and by adding saccharose to balance the osmolarity. In some experiments, the osmolarity was balanced by increasing the NaCl concentration (Jiang and Haddad, 1992) . Because experiments performed by using these different procedures to replace glucose gave similar results, all the data were pooled together. Aglycemic solutions entered the record ing chamber no later than 20 seconds after turning a 3-ways tap. Complete replacement of the medium in the chamber took 90 seconds. The composition of the control solution was (in mJ mollL): 126 NaCI, 2.5 KCl, 1.2 MgCI2, 1.2 NaH2P04, 2.4 CaCI2, 11 Glucose, and 25 NaHC03.
For the extracellular experiments, the electrodes were filled with 2 moliL NaCl (5 to to Mil). The intracellular recording electrodes were filled with 2M KCl (30-60 Mil) and located in the striatum close (1 to 3 mm) to the cortical areas. An Axo clamp 2A amplifier was used for recordings either in current clamp or in voltage-clamp mode. In single-microelectrode volt age-clamp mode the switching frequency was 3 kHz. The head stage signal was continuously monitored on a separate oscilloscope. Traces were displayed on an oscilloscope and stored on a digital system. For synaptic stimulation, bipolar electrodes were used (0.03 to 0.01 millisecond duration; 1 to 5 volts). These stimulating electrodes were located either in the cortical areas close to the recording electrode or in the white matter between the cortex and the striatum to activate cortico striatal fibers. The field potential amplitude was defined as the average of the amplitude from the peak of the early positivity to the peak negativity, and the amplitude from the peak nega-J Cereb Blood Flow Metab, Vol. 17, No. 10, 1997 tivity to peak late positivity (see Melchers et a!., 1988) . Quan titative data on modifications induced by aglycemia are ex pressed as a percentage of the controls, the latter representing the mean of responses recorded during a stable period (15 to 20 minutes) before the aglycemic phase. Values given in the text and in the figures are mean SD of changes in the respective cell populations. Student's t-test (for paired and unpaired observa tions) was used to compare the means. Drugs were applied by dissolving them to the desired final concentration in the saline and by switching the perfusion from control saline to drug containing saline. 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX) was from Tocris (Bristol, U.K.). D-2-amino-5phosphonovalerate (D-APV) and tetrodotoxin were from Sigma (St. Louis, MO, U.S.A.). 8-cyclopentyl-l,3dimethylxanhine (CPT), 1,3-dipropyl-8-cyclopentylxanthine (CPX), gJipizide, and glibenclamide were from RBI (Amer sham, Milano, Italia).
RESULTS
When extracellular recordings were performed in the striatum close to the stimulating electrode, a single acti vation of corticostriatal fibers produced a field potential. The amplitude of the field potential was related to the intensity of the synaptic stimulation. The corticostriatal field potential was blocked by tetrodotoxin (1 ]-LmoI/L, n = 4), low calcium (0.5 mmoI/L)-high magnesium (10 mmol/L)-containing solutions (n = 4), and coadminis tration of 10 ]-Lmol/L CNQX plus 30 ]-LmollL APV (n = 5) (data not shown). These physiological and pharmaco logical characteristics are in agreement with previous findings indicating that cortically-evoked field potentials are mediated by the release of excitatory amino acids within the striatum (Calabresi et aI., 1996) . Glucose de privation reduced the amplitude of these field potentials. As shown in Fig. 1 , this inhibitory effect started 5 min utes after the onset of the perfusion of the slices with the aglycemic medium. The field potential was fully sup pressed after 40 minutes of glucose deprivation. After the washout of the aglycemic medium, a partial recovery of the field potential amplitude was observed. Bath ap plication of I ]-LmollL CPT produced a slight (13 ± 4%, n = 21), but significant (P < 0.01) increase of the field potential amplitude. For this reason, a slight decrease of the intensity of synaptic stimulation was necessary to restore the control field potential amplitude. A similar finding was obtained by using 300 nmollL CPX (n = 12, data not shown). Incubation of the slices with either 1 ]-Lmol/L CPT (Fig. 1) or 300 nmollL CPX (data not shown) 10 minutes before the onset of the glucose deprivation significantly reduced the amplitude of the aglycemia-induced depression of the field potential am plitude. Interestingly, in the presence of CPT or CPX a full recovery of the field potential amplitude was ob served.
Incubation of the slices (15 minutes before the onset of aglycemia) in the presence of either 10 ]-Lmol/L glibencl amide (n = 7) or 100 nmollL glipizide (n = 6) did not affect the field potentials amplitude. Moreover, the de- pression of the field potential amplitude caused by glu cose deprivation was affected neither by glipizide (n = 6, Fig. 2 ) nor by glibenclamide (n = 7, data not shown).
We also tested whether the effect of A 1 adenosine receptor antagonists on the aglycemia-induced depres sion of synaptic transmission was related to a possible interference with the postsynaptic membrane changes in duced by glucose deprivation on spiny striatal neurons. For these reasons, the effects of aglycemia were studied in single neurons by using intracellular recordings in single-microelectrode voltage clamp mode. The intrinsic membrane properties of these neurons have previously been described in both current and voltage clamp modes (Calabresi et al., 1995a,b) . As shown in Fig. 3 , aglyce mia produced a time-related membrane depolarization in spiny neurons. This membrane depolarization developed time (min) 15 min hypoglycemia 40 min hypoglycemia post slower than the aglycemia-induced synaptic inhibition. In fact, this depolarization started only 10 minutes after the onset of the aglycemic condition. In some experi ments, the effects of aglycemia om membrane properties were measured by using single microelectrode voltage clamp recordings (Fig. 3) . The cells were clamped close to the resting membrane potential (-85 m V). The agly cemia-induced inward current was coupled with an in crease of the membrane conductance as detected by the application of constant hyperpolarizing voltage steps (l to 3 second duration, 5 to 15 mV amplitude). Both I f-Lmol/L CPT (Fig. 3) and 300 nmollL CPX (n = 4, data not shown) failed to alter the intrinsic membrane prop erties of the recorded neurons as well as the inward cur rent induced by glucose deprivation. Moreover, these adenosine receptor antagonists did not affect the increase of the membrane conductance generated by aglycemia (Fig. 3) .
DISCUSSION
The present study shows that antagonists of Al aden osine receptors reduce the depression of glutamatergic transmission induced by glucose deprivation. These an tagonists affected neither the intrinsic membrane prop erties of the recorded cells nor the aglycemia-induced postsynaptic membrane changes. Thus, we argue that the depression of the glutamatergic transmission observed during glucose deprivation is probably caused by the release of endogenous adenosine acting on presynaptic
Al receptors located on glutamatergic corticostriatal ter minals. It is possible that the increase of the postsynaptic J Cereb Blood Flow Metab. Vol. 17, No. 10. 1997 membrane conductance generated after 10 minutes of glucose deprivation influences the decrease of synaptic transmission observed in the late phase of aglycemia. However, we presume that the early decrease of excit atory synaptic transmission (within the first 10 minutes) is mainly induced by presynaptic mechanisms. Never theless, it has to be stressed that further information about this issue will require intracellular experiments measuring postsynaptic sensitivity to exogenous gluta mate during glucose deprivation and experiments dealing with the effect of aglycemia on paired-pulse facilitation to dissect between presynaptic and/or postsynaptic mechanisms. It has been reported previously that adenosine release is the major cause of failure of synaptic transmission during glucose deprivation in rat hippocampal slices (Zhu and Krnjevic, 1993; Khazipov et aI., 1995) . In ad dition, our observation is fully in agreement with a va riety of evidence that shows that at low concentration, adenosine blocks excitatory synaptic transmission by suppressing transmitter release (Lupica et aI., 1992; Scholz and Miller, 1991) . Interestingly, application of exogenous adenosine in the striatum blocks excitatory synaptic transmission, but does not affect intrinsic mem brane properties of spiny neurons (Malenka and Kocsis, 1988; Uchimura and North, 1991) . Moreover, our find ing that blockers of A TP-dependent potassium channels failed to affect the aglycemia-induced decrease of excit atory transmission are in line with data obtained in other brain areas showing that these antagonists do not influ ence the synaptic changes induced by glucose depriva tion (Shoji, 1992; Zhu and Krnjevic, 1993) . The obser vation that aglycemia causes hyperpolarizing effects in the hippocampus caused by the activation of potassium conductances (Spu1er et aI., 1988), while it causes a late depolarization in spiny striatal neurons (present study), suggests that glucose deprivation seems to activate vari ous ionic mechanisms in central neurons. These mecha nisms might account for the differential vulnerability of neuronal subpopulations to energy deprivation in various brain areas.
The role of endogenous adenosine in the depression of synaptic transmission during energy metabolism failure is also supported by previous findings indicating that Al receptor antagonism can delay the hypoxia-induced de pression of synaptically evoked excitatory potentials in hippocampal slices (Fowler, 1989; Katchman and Her shkowitz, 1993) . Accordingly, extracellular levels of adenosine can increase after a high metabolic demand, including hypoglycemia, hypoxia, and seizure activity (Geiger and Nagy, 1990; Greene and Haas, 1985; Snyder, 1985) . This increase, most likely, is caused by the net breakdown of intracellular A TP to ADP and AMP. Adenosine, derived from intracellular AMP, is re leased from the cell by a nucleoside transporter (Martin et aI., 1994) . Adenosine can also be formed extracellu larly from released nucleotides.
A cytoprotective role of adenosine and adenosine ana logues has been shown in experimentally-induced cere bral ischemia (Ramkumar et aI., 1995) . Several mecha nisms have been postulated to mediate this neuroprotec tion: interaction with antioxidant enzymes, activation of potassium channels, inhibition of calcium influx, and in hibition of neurotransmitters such as glutamate (for a review see Ramkumar et aI., 1995) . Our study suggests that the latter mechanism might play a role in the patho physiology of corticostriatal transmission during meta bolic stress. By using in vivo microdialysis in the freely moving rat, an increase of extracellular adenosine in the hippocampus and in the striatum during lights-off peri-Jl26 P. CALABRESI ET AL. ods has recently been reported (Huston et aI., 1996) . These authors have suggested a possible role of this transmitter in regulation of sleep and in some motor and nonmotor behavioral activities related to these brain ar eas (Huston et aI., 1996) . Thus, the adenosine-mediated depression of glutamatergic transmission in the striatum during aglycemia might account for some of the behav ioral changes observed after acute glucose deprivation.
